Intracytoplasmic sperm injection (ICSI) is
Introduction and Highlights of RD-ICSI
Conventional ICSI employs a spiked micropipette for facilitating penetration of the zona pellucida and piercing of the oolemma ͑cell membrane͒ ͓1,2͔. Due to the high compliance of the cell membrane, especially for the mouse, the penetration is very difficult without rupturing the ovum. An assisted ICSI procedure using piezoelectric technology ͑piezo-assisted ICSI, P-ICSI͒ for the mouse was introduced in 1995 ͓3͔. This piezo drill system produces mechanical pulses that travel longitudinally along the ICSI pipette. Piezo-assisted ICSI facilitates piercing of the zona pellucida and oolemma and even with a flat-tipped ͑not spiked͒ micropipette. However, this procedure requires the presence of a small amount of mercury to stabilize and suppress undesired lateral vibrations of the pipette tip that occur during the procedure ͓4-6͔. Unfortunately, mercury is a substance of toxicity and environmental health hazard, thus the state and local regulations ban its usage.
ICSI fertilization technique is expected to accomplish three goals: ͑i͒ easily separate the sperm head from the tail, ͑ii͒ enable the ICSI pipette to efficiently pierce and penetrate the zona pellucida and oolemma, and ͑iii͒ facilitate injection of the sperm head without damage to the ovum. All three objectives have been demonstrated successfully in a recent study ͓7͔ using a novel rotationally oscillating drill ͑RD-ICSI͒ technology. It does not require mercury or a piezoelectric force actuator to drive a micropipette for performing ICSI in the mouse. Preliminary results of our testing in mouse embryos showed that RD-ICSI gives survival, fertilization, embryo development, birth, and weaning rates comparable to those of P-ICSI using mercury. Another important benefit of the new technology is related to its minimal demand on human expertise and very short training periods for the operators. These features result from the amenability of the Ros-Drill to computer automation, as explained in a recent paper ͓6͔. In the present paper, we introduce another aspect for automation: in situ computer-vision-based extraction of geometric features of the oocyte.
RD-ICSI technology has been proven successful over many trials on mouse models ͓7͔. Our focus here is to achieve the basic rules to mechanize the deployment of rotational oscillations, especially in determining the onset of rotational vibration. To this end, we track various phases of the oocyte deformation using its digital video images under the microscope.
A schematic of the Ros-Drill assembly is presented in Fig. 1 , and a photograph of a prototype is shown in Fig. 2 . One can find the details of this construct in Ref. ͓6͔. A flexible coupling containing a channel accommodates the injection tubing, which is attached between the pipette holder and a micromotor. The coupling transmits the angular motion from the motor to the pipette holder and prevents the axial misalignment. The control signal to the dc motor is generated using a digital feedback controller. It creates a desired oscillatory rotational motion at the drawn pipette tip.
The Ros-Drill is designed to operate in two different modes: ͑i͒ high rotational amplitude ͑up to 3 deg͒ and low frequency ͑down to ϳ20 Hz͒ for separating sperm heads from tails and ͑ii͒ low rotational amplitude ͑such as 0.2 deg͒ and high frequency ͑ϳ500 Hz͒ for piercing and penetrating oolemma. In this paper, we focus on the second mode.
The pipette is smoothly forced into the oocyte ͑Figs. 3͑a͒ and 3͑b͒͒. At a certain surface tension ͑and the corresponding axial deformation of the membrane͒, the rotational oscillation action is triggered ͑Fig. 3͑c͒͒ and the pipette is slightly withdrawn once the piercing is completed ͑Fig. 3͑d͒͒.
The start of the drill action is determined based on the expertise of the ICSI technician in current practice; thus, repeatability is
